Anthropogenic CO 2 emissions are projected to lower the pH of the open ocean by 0.2 to 0.3 units over the next century. Laboratory experiments show that different phytoplankton taxa exhibit a wide variety of responses, with some strains having higher fitness under projected future conditions, and others being negatively impacted. Previous studies have suggested that Prochlorococcus and Synechococcus, the numerically dominant picophytoplankton in the oceans, have very different responses to elevated CO 2 that may result in a dramatic shift in their relative abundances in future oceans. Here we show that these two genera experience faster exponential growth rates under future CO 2 conditions, similar to most other cyanobacteria that have been studied. However, Prochlorococcus strains have significantly lower realized growth rates due to more extreme lag periods after exposure to fresh culture media. Surprisingly, however, Synechococcus was unable to outcompete Prochlorococcus in co-culture at elevated CO 2 . Under these conditions, Prochlorococcus' poor response to elevated CO 2 disappeared, and it showed negative frequency dependence in its relative fitness compared to Synechococcus, with a significant fitness advantage when it was initially rare. Moreover, both Synechococcus and Prochlorococcus had faster growth rates in co-culture with each other than either had in unialgal culture. We speculate that this negative frequency dependence is an outgrowth of reductive Black Queen evolution operating on both taxa that has resulted in a passively mutualistic relationship analogous to that connecting Prochlorococcus with the "helper" heterotrophic microbes in its environment.
INTRODUCTION
Human consumption of fossil fuels has increased atmospheric CO 2 concentration from 280 ppm in pre-industrial times to ~ 400 ppm today, directly causing a decrease in ocean pH of approximately 0.1 unit, and models predict that, without substantial changes in human activity, ocean pH will drop a further ~ 0.3 units by the end of the 21st century (Doney et al., 2009) .
Ocean acidification will impact marine organisms in two potentially counteracting ways. First, increased acidity reduces the stability of calcium minerals used by many organisms to form shells and skeletons (Kleypas et al., 2006) and can interfere with other key physiological processes. Second, increased concentrations of dissolved CO 2 can stimulate physiological processes that use CO 2 as a substrate. Since CO 2 is the primary substrate for photosynthesis, the tension between these two countervailing forces is perhaps strongest for the ocean's photosynthetic organisms, including the microbial phytoplankton that form the base of the oceanic food web (Mackey et al., 2015) . While carbon availability is unlikely to limit photosynthetic rates in the open ocean, projected year 2100 CO 2 concentrations nevertheless stimulate growth rates in laboratory cultures of several important phytoplankton taxa (Feng et al., 2008 , Fu et al., 2008 , Hutchins et al., 2007 , Lefebvre et al., 2012 , Li et al., 2012 , Sobrino et al., 2008 , Spielmeyer & Pohnert, 2012 , Sun et al., 2011 , Tatters et al., 2013 . Other experiments have shown phytoplankton growing slower at higher CO 2 (Iglesias-Rodriguez et al., 2008 , Hoogstraten et al., 2012 , Muller et al., 2012 , Hennon et al., 2018 , and in some cases different strains of the same species have opposite response to high CO 2 , even when tested side-by-side by a single researcher (Langer et al., 2009) . These differential responses appear to have ecological consequences, as addition of CO 2 (and concomitant reduction of pH) to natural seawater communities induces substantial shifts in phytoplankton community composition (Tortell et al., 2002 , Hare et al., 2007 .
The effect of pH on phytoplankton ecology is qualitatively different from the effect of temperature, the other major parameter influenced by rising CO 2 . The many varieties of phytoplankton are not physiologically interchangeable, but rather can be divided into broad functional groups with different influences on marine geochemistry. Except for the most extreme high temperatures tolerated exclusively by photosynthetic bacteria, there does not appear to be a difference in the range of temperature optima available to different functional groups (Thomas et al., 2012) . In contrast, a meta-analysis of published studies examining marine phytoplankton growth rates at modern and future CO 2 levels revealed a persistent difference between functional groups in terms of the growth rate response (GRR) to elevated CO 2 (Dutkiewicz et al., 2015) . While substantial variability in GRR existed in all functional groups, on average larger organisms (including most eukaryotes) where unaffected by CO 2 at year 2100 levels, whereas most cyanobacteria (including all tested nitrogen-fixers) grew faster under future conditions. A global ocean mixing model suggested that this discrepancy between functional group CO 2 GRRs would cause ocean acidification to have a larger impact on the functional composition of future phytoplankton communities than global warming (Dutkiewicz et al., 2015) . Surprisingly, the most far-reaching shift predicted by the model of Dutkiewicz et al. (2015) involved competition between the two most abundant genera of marine cyanobacteria, Prochlorococcus and Synechococcus, which together contribute more than 50% of fixed carbon in some marine systems (Liu et al., 1997 , Campbell et al., 1994 . In the modern ocean, Prochlorococcus and Synechococcus coexist globally but dominate different regions, with Prochlorococcus more abundant in permanently stratified oligotrophic waters between 40 o N and 40 o S latitude, and Synechococcus dominating in seasonally mixed and coastal waters (Partensky et al., 1999 , Ahlgren & Rocap, 2012 . A model of the future ocean considering only temperature increase predicted that both Prochlorococcus and Synechococcus would increase in abundance, but their ratios would remain roughly similar throughout their range (Flombaum et al., 2013) . However, Prochlorococcus was the one exception to the rule of increased growth rate at high CO 2 amongst cyanobacteria (Fu et al., 2007a) , and as a consequence the models of Dutkiewicz et al. that considered both temperature increase and ocean acidification predicted that the competitive balance between these two groups would shift sufficiently over the coming century that Synechococcus would replace Prochlorococcus throughout its range, essentially leading to the worldwide elimination of Prochlorococcus' niche (Dutkiewicz et al., 2015) . While this remarkable conclusion was based on a single published experiment with a single cultured strain of each genus (Fu et al., 2007a) , subsequent experiments have confirmed that gene expression of the "helper" heterotrophic bacteria that it depends on to tolerate ubiquitous oxidative stress exposure (Morris et al., 2011 , Hennon et al., 2018 .
Because understanding how critical taxa like Prochlorococcus will fare under future CO 2 conditions is key to our ability to predict how anthropogenic changes will impact the biogeochemistry and biodiversity of future oceans, we sought to increase our understanding of how ocean acidification might influence the interaction between Prochlorococcus and Synechococcus. First, we measured the GRR of several different isolates from each genus, including several well-characterized ecotypes of each, to determine if the differential responses previously reported (Fu et al., 2007b , Hennon et al., 2018 
RESULTS
Growth rate responses to elevated CO 2 of the two genera. We measured growth rates at modern (~400 ppm) and year 2100 (~800 ppm) CO 2 concentrations for 8 strains of Synechococcus and 5 strains of Prochlorococcus representing a broad range of the ecotypic diversity in each genus (Table S1 ). While there was substantial and significant variation at the level of individual strains (linear mixed effects model (LME), p < 0.001), there was not a significant overall difference in exponential growth rates between the genera (LME, p = 0.08), nor was there an effect of CO 2 treatment on exponential growth rates of either genus (LME, p = 0.42) ( Table 1 ). In contrast, with a single exception all Prochlorococcus strains tested exhibited lower realized growth rates (e.g., batch culture growth rates inclusive of lag times) at high CO 2 ,
whereas Synechococcus strains exhibited a broad variety of responses, with a general trend toward enhancement at high CO 2 (Table 1) . As a consequence, Synechococcus strains overall had higher realized growth rates than Prochlorococcus by 0.14 +/-0.06 d -1 (LME, p = 0.002), and the effect of CO 2 was significantly negative for Prochlorococcus (LME, -0.07 +/-0.03 d -1 , p = 0.02) but not for Synechococcus.
We next investigated the GRR to elevated CO 2 for the genera (Fig. 1 ). For each strain, we expressed GRR as the ratio of average high CO 2 growth rate to ambient CO 2 growth rate;
GRRs were calculated separately for exponential and realized growth rate measurements.
Consistent with other marine cyanobacteria as revealed by the meta-analysis of Dutkiewicz et al. (2015) , we found that the exponential GRR for both genera were similar and significantly greater than 1 (Wilcoxon signed rank test, p = 0.04). The realized GRR, however, showed a starkly opposite trend. Where Synechococcus' realized GRR was nearly identical to its exponential GRR, Prochlorococcus' realized GRR was significantly lower than its exponential GRR (LME, p = 0.03). A previous report (Hennon et al., 2018) showed that the discrepancy between Prochlorococcus' exponential and realized growth rates was caused by a longer "lag" after transfer into fresh media, apparently caused by a die-off of cells sometimes exceeding 99% of the total transferred population. Lags were also observed in this experiment (Table 1) , and while they were in general longer at high CO 2 and especially for Prochlorococcus at high CO 2 (by over 5 days) there was sufficient variability between strains in both genera to prevent these effects from being statistically significant.
Influence of CO 2 on the competitive fitness of Prochlorococcus vs. Synechococcus.
Using exclusively GRR estimates from one strain each of Prochlorococcus and Synechococcus derived from Fu et al. (2007b ), Dutkiewicz et al. (2015 predicted that the former would be at a worldwide competitive disadvantage under the predicted year 2100 CO 2 regime. Our own experiments with unialgal cultures provide conflicting evidence on this question ( Fig. 1 
), with
Prochlorococcus and Synechococcus having similar exponential GRRs, but Synechococcus having a sizable advantage in realized GRR. Because microbial fitness can involve a number of components other than maximum exponential growth rate (Vasi et al., 1994) , the ideal method to measure relative fitness is through direct competitions in co-culture. Therefore we competed clonal populations of Prochlorococcus MIT9312 with Synechococcus CC9311 in co-culture under ambient and future CO 2 conditions. In parallel, we measured the single-culture growth rates of each in the same medium. While none of these organisms were in axenic culture, each was paired with a pure, clonal culture of the same heterotophic bacterium, Alteromonas sp.
EZ55. Thus, the only variables in these experiments are i) CO 2 concentration and ii) presence or absence of the competing organism. These strains were chosen because they exhibited opposite GRRs in single culture, and therefore we expected they would provide the clearest test of the efficacy of unialgal culture experiments for predicting competition in mixed communities.
When relative fitness in our first experimental run was calculated as simply the difference in realized growth rates of the two competing organisms, there was no effect of CO 2 on competitive fitness of Prochlorococcus, and the fitness of Prochlorococcus in the majority of cultures was lower than that of Synechococcus (Fig. 2) . However, substantial variation existed in fitness measurements between cultures within each CO 2 treatment, leading us to examine possible sources of variability. Because competition experiments were conducted over several semi-continuous batch culture transfers, natural selection caused the ratio of Prochlorococcus to Synechococcus to change over time, leading to the possibility that the relative frequency of the competitors might affect fitness. When we constructed a linear model of Prochlorococcus fitness in which the initial frequency of Prochlorococcus was a main effect (i.e., a frequency dependence model), the effect of initial Prochlorococcus frequency was highly significant but that of the CO 2 treatment was not (LME. p = 1.29 x 10 -6 and p = 0.3, respectively, Fig. 3a open circles). Because our initial experiments started at a uniform initial ratio of approximately 10:1 Prochlorococcus, we conducted a second series of experiments where we varied the initial ratio from 10:1 to 1:10. These experiments strongly supported the conclusion that Prochlorococcus' fitness vs. Synechococcus CC9311 exhibits negative frequency dependence with no significant effect of CO 2 treatment ( Fig. 3a , black circles). When both datasets were considered together, Prochlorococcus fitness was predicted to decrease by -0.444 +/-0.092 d -1 as its frequency increased from 0 to 100% (LME, p = 2.133 x 10 -8 ), but no effect of CO 2 was detectable (LME, p = 0.13).
Negative frequency dependence of fitness is one way that very similar organisms can persist in sympatry despite being in competition for a single limiting nutrient. Indeed, in our experiments Prochlorococcus generally had greater fitness than Synechococcus when initially rare, and lower fitness when initially common (Fig. 3a) . The regression of relative fitness on initial frequency (dashed diagonal line, Fig. 3a) suggests that the two organisms should have equal fitness and should be able to coexist when Prochlorococcus represents ~17% of the population (dashed vertical line, Fig. 3a ). Supporting this prediction, as competition experiments continued over multiple transfer cycles, the relative fitness of Prochlorococcus appeared to converge on neutrality (i.e., equal fitness with Synechococcus, Fig. 3b ) and the frequency of Prochlorococcus approached the prediction of the regression model ( Fig. 3c ).
Synergy between Prochlorococcus and Synechococcus. In the process of conducting the competition experiments, we observed that both MIT9312 and CC9311 appeared to grow faster in co-culture than most strains of either genus grew in unialgal culture. To confirm this, we grew the same MIT9312 and CC9311 clones as unialgal cultures in the same medium and under the same conditions used for the competition experiments. Indeed, we found that the median growth rate of Prochlorococcus in the presence of Synechococcus was almost twice as fast as in solo culture (LME, p = 1.55 x 10 -5 for the main effect of strain and 0.0014 for the interaction of strain and co-culture status, Fig. 4 ). The variability introduced by frequency dependence obscured the effect of co-culture on Synechococcus growth rate, but maximum growth rates observed for this strain were also much higher in co-culture. Both organisms approached or exceeded doubling times of 1 d -1 in co-culture, consistent with maximum growth rates observed for these organisms in nature (Liu et al., 1997) . In this analysis, the effect of CO 2 on growth rates was only significant as a three-way interaction term with strain and coculture condition (LME, p = 0.004), indicating that one way that co-culture with Synechocococcus CC9311 affects Prochloroccus MIT9312 growth is by essentially eliminating the growth defect observed in Prochlorococcus unialgal cultures grown at high CO 2 .
DISCUSSION
The results presented here provide useful context for the models of Dutkiewicz et al. (2015) and expand our knowledge about the responses of these key picophytoplankton taxa to changing atmospheric CO 2 . While there was substantial culture-to-culture variability (Table 1) , the median exponential GRR of both Synechococcus and Prochlorococcus was greater than 1 ( Fig. 1) , consistent with cyanobacterial GRRs previously reported (Endres et al., 2013 , Fu et al., 2008 , Garcia et al., 2011 , Hutchins et al., 2007 , Kranz et al., 2010 , Fu et al., 2007b . Along with similar elevated GRRs reported for the eukaryotic picophytoplankter Ostreococcus taurii (Schaum & Collins, 2014) , these observations suggest that very small photoautotrophs may generally benefit from a greater supply of CO 2 despite not being Liebig limited by access to carbon. A common explanation for the growth enhancing effects of CO 2 is that cells can reduce their resource investment in carbon concentrating mechanisms (e.g. carboxysomes, bicarbonate transporters) when the CO 2 :HCO 3 ratio increases at low pH. However, empirical evidence for this speculation remains sparse, and contrary examples exist: larger diatoms, for instance, appear to be more enhanced by CO 2 than smaller ones (Wu et al., 2014) .
Prochlorococcus is dependent on the presence of "helper" organisms for survival in stressful conditions (Morris et al., 2008 , Morris et al., 2011 . We routinely co-culture
Prochlorococcus with an isolate from the cosmopolitan marine bacterial genus Alteromonas to mitigate oxidative stresses Prochlorococcus experiences in culture media, but our previous work (Hennon et al., 2018) suggested that elevated CO 2 altered the interaction between these two organisms in a manner that was ultimately damaging to Prochlorococcus resulting in long lag phases and cell death upon culture dilution. Because of this, we predicted that Prochlorococcus would be rapidly outcompeted by Synechococcus under high CO 2 conditions, since the latter exhibits no such growth defects. On the contrary, it appears that the presence of While the requirement for help by Prochlorococcus is well-established, it was surprising to us that Synechococcus CC9311 also appeared to respond positively to co-culture ( Fig. 4) .
Whereas Prochlorococcus and Alteromonas occupy distinctly separate trophic niches, under our experimental conditions Prochlorococcus and Synechococcus were in direct scramble competition for all of their nutritional requirements. Assuming that both Synechococcus and Prochlorococcus were limited by the same nutrient, the competitive exclusion principle (Hardin, 1960) predicts that one or the other should ultimately be driven to extinction. Instead, strong frequency dependence of fitness facilitated their co-existence ( Fig. 3 ). While the current experiments do not reveal what mechanism facilitates this mutual helping interaction, this pattern of negative frequency dependence is consistent with the predictions of the Black Queen
Hypothesis (Morris et al., 2012 , Morris, 2015 , which describes an evolutionary path where selection for loss of genes that produce publically-available "leaky" products can favor interdependency in microbial communities. It is thought that Prochlorococcus' dependence on helpers evolved because other members of its community were unable to keep from removing hydrogen peroxide from the environment at the same time they detoxified their own cytoplasm, providing an opportunity for Prochlorococcus' ancestors to lose their catalase gene and gain a growth advantage. This Black Queen process of leaky function loss appears to have broadly affected marine bacteria and has led to extensive networks of interdependence in oceanic microbial communities. It is possible that CC9311 (and possibly other Synechococcus strains as well) have also evolutionarily lost functions that render them dependent on co-occurring microbes, and that Prochlorococcus can in some cases act as a helper to these taxa.
Several factors should be considered when relating our experimental results to the ecological interactions between Prochlorococcus and Synechococcus in the ocean. First, the particular strains used for the competition experiments were chosen because of their relative ease of use in the laboratory and their opposite responses to elevated CO 2 (Table 1) , but they are not commonly found together in nature. Prochlorococcus MIT9312 is a tropical, open ocean strain, and Synechococcus CC9311 is a temperate coastal strain. Nevertheless, their ranges do overlap (for instance, in the Sargasso Sea (Ahlgren & Rocap, 2012)) and they share many ecological and metabolic characteristics with other members of the same genera that do routinely coexist in the ocean (Scanlan et al., 2009) . While it is possible that the negative frequency dependence observed here is a peculiar and fortuitous property of this particular strain pairing, we find that explanation highly unlikely. Second, a substantial fraction of the change in Prochlorococcus' growth characteristics between unialgal culture and co-culture with Synechococcus can be attributed to a reduction in the lag experienced on transfer to new, elevated CO 2 media. Lag phase is a property of laboratory batch culture and is arguably not relevant to natural systems, particularly highly stable steady-state systems like the pelagic ocean. However, the factors that contribute to lag phase --changing environmental conditions, and in particular for Prochlorococcus exposure to untreated media containing hydrogen peroxide --do occur in the ocean, despite its relative environmental stability. For instance, the hydrogen peroxide concentration of the surface ocean can vary by a factor of 4 over a 24 h cycle (Morris et al., 2016) , and wind-forced mixing can move cells rapidly from high-intensity light zones near the surface to much dimmer regions at the base of the mixed layer. In addition to its lower contingent of oxidative stress resistance genes, Prochlorococcus is also deficient in genes for sensing its environment (Scanlan et al., 2009), and may depend on diverse members of its microbial community to navigate these changes much as it appears to require help to tolerate exposure to new culture media.
Given the above caveats, two important ecological conclusions can be drawn from our experiments. First, attempts to use observations of species in isolation to predict how they will fare in a changing environment should be approached with skepticism. Depending on how the experiments were performed and how growth rate was measured, measurements of CO 2 GRR in unialgal cultures of Prochlorococcus and Synechococcus could encourage the mistaken conclusion that Synechococcus would have much higher competitive fitness under elevated CO 2 than Prochlorococcus. In the case of the strains studied here, the absolute growth rates of both organisms would also be significantly underestimated using unialgal cultures. Other recent studies have also demonstrated that phytoplankton responses to CO 2 can be very different in co-culture, in some cases even reversing the sign of the response completely (Sampaio et al., 2017) . To make matters worse, the key finding of this experiment --negative frequency dependence between the two strains --would have escaped our notice if we had not followed 2009 #5185}. Another possibility is that the coexistence of these two taxa is an example of the classic "Paradox of the Plankton" (Hutchinson, 1961) , where many species with nearly identical niches are thought to be able to coexist because of the relatively more rapid rate of environmental change compared to competitive exclusion (e.g. Chandler et al., 2016) . Our experiments provide a third possibility: that these similar taxa, like many other microorganisms in their habitat, have evolved dependencies on one another that prevent either from permanently dominating their shared nutritional/environmental niche. While the coexistence frequency predicted from our competition experiments (X-intercept of the regression line in Fig.   3a ) are products of a particular culture environment and are not directly relatable to any natural ecosystem, we can nevertheless conclude that the same dynamics that allow coexistence in our simplified cultures could also contribute to these and related strains coexisting within the ratios observed in the actual ocean.
In conclusion, we have shown that the exponential growth rates of diverse strains of Prochlorococcus and Synechococcus respond to high CO 2 in a manner consistent with other cyanobacteria and small phytoplankton, although Prochlorococcus manifests growth defects at high CO 2 apparently related to its requirements for "help" from other members of the community. We have also shown that co-cultures of Prochlorococcus and Synechococcus behave much differently than we would expect from cultures with only one or the other, suggesting both that predictions from single cultures should be met with skepticism, and also that two-way, mutualistic interactions between these taxa may contribute to their coexistence in the ocean. Finally, our results highlight the need for a better understanding of how interactions within the whole community control the relative fitness of each component species, especially for systems such as the ocean where accurate predictions of future states are so critical.
METHODS
Strains and culture conditions. The strains used in this experiment are listed in Supplemental Table 1 For unialgal growth rate experiments and the initial competition experiments, initial cell densities were set to approximately 10 4 cells mL -1 Synechococcus or 10 5 cells mL -1 Prochlorococcus. 
